survival of specific presynaptic neurons (see Levi-Montalcini, 1987 a muscle-derived retrograde factor that is required to
shows reduced but clearly detectable P-Mad accumuladerived BMP ligand that coordinates the growth of neution in motoneurons, consistent with gbb 4 being a hyporomuscular junction synapses with muscles. morphic allele ( Figure 1E ). In this report, we extend on these studies to identify one of Wit's ligands. We find that mutations in the pregbb Mutants Have Defects in Synapse Growth viously described BMP gene glass bottom boat (gbb) and Function phenocopy many of the wit mutant defects, including
The previous results suggested that Gbb might be a the elimination of phosphorylated Mad (P-Mad) accumucomponent of the signal that results in P-Mad accumulalation in motoneurons, reduced NMJ size, decreased tion in motoneurons. Since synaptic morphology and synaptic transmission, and aberrant synapse ultrastrucfunction appear to be directly regulated by P-Mad tranture. We also examined synaptic morphology in these mu- Figure 1F ). tic boutons at muscles 6 and 7 of third instar larva by
We examined NMJ synapse size in this gbb mutant electron microscopy. Gross synaptic ultrastructure apcombination. These gbb mutants had reduced muscle peared normal apart from a small population of large size compared to wild-type animals, so to correct for vesicles distinct from and unlike synaptic vesicles. We this, we normalized by dividing the number of synaptic did find occasional aberrant cytoplasmic electronboutons by muscle surface area (Schuster et al., 1996a). dense structures that can cluster synaptic vesicles, We found that both synapse size and synaptic bouton which we have previously dubbed "T bodies" ( Figures 4D and 4H) . These results are consistent with Gbb being required receptor expressed in S2 cells, we find that prior treatment of these cells with punt RNAi greatly reduces predominantly in muscles to induce P-Mad accumulation in motoneuron nuclei but indicate that Gbb produc-P-Mad accumulation in response to Gbb ( Figure 3B) tants also partially rescued the number of synaptic bouusing elavϾGal4, we find a strong block in the accumulation of P-Mad in motoneurons ( Figure 7A versus 7B). tons ( Figure 5B ) but to a much lesser extent than muscle rescue ( Figure 5D ). When we examined neurotransmitter Staining with the anti-Fas II antibody reveals that motor neurons fasciculate properly and innervate appropriate release in the animals, we found that restoration of Gbb in either muscles or motoneurons could partially rescue target muscles. Thus, there is not a general disruption in the architecture of the CNS or motoneurons in particular levels of neurotransmitter release to a similar extent ( Figures 6C and 6D) . However, when we restored Gbb that is indirectly responsible for the loss of P-Mad accumulation. Furthermore, if these animals are allowed to using a panneuronal driver, we completely recovered synapse function ( Figure 6E ). These results suggest that develop to the third instar stage they exhibit small synapses at the NMJ reminiscent of those produced by the predominant requirement for Gbb in synapse structural growth is in muscles but indicate that a presynaptic mutations in wit or gbb ( Figure 7E versus 7F this is not likely to be caused by low expression of ⌬Gl dogenous conditions. The partial rescue of synaptic dein this tissue relative to the CNS, since the Y45 driver, fects by muscle-specific expression of Gbb could powhich is know to be strongly expressed in the gut, also tentially be explained by an indirect mechanism that results in no effect on P-Mad accumulation in this tissue. does not involve signaling at the synapse. If enough We conclude that P-Mad accumulation in motoneurons Gbb was able to make its way from muscle tissue into is most sensitive to disruption of dynein motor function, the hemolymph, for example, then circulating Gbb may consistent with the notion that BMP signaling in these be able to act directly on the motoneuron cell bodies cells requires retrograde transport of at least one comto affect synaptic growth. To help address this issue, ponent of the pathway as part of its signal transduction we overexpressed a truncated form of p150/Glued (⌬Gl), mechanism. in either neurons using the elav-Gal4 driver or in all cells, using the ubiquitously expressed daϾGal4 driver. Overexpression of ⌬Gl has been previously shown to Discussion block the assembly of dynein retrograde motors with their cargos, leading to the development of "roadDuring Drosophila larval growth, muscle surface area increases dramatically, on the order of 100-fold. To mainblocks," in which transported proteins collect at jams within axons (Martin et al., 1999) . These jams can ultitain constant synaptic output, nerve terminals adjust both bouton number and active zones per bouton to mately interfere with both anterograde and retrograde transport. When ⌬Gl is overexpressed in all neurons compensate for the increase in muscle size during de-
Is Gbb Just a Retrograde Signal?
The partial rescue of P-Mad accumulation, bouton number, and neurotransmission when Gbb is expressed in muscles is consistent with the notion that Gbb can provide a retrograde signal from the synapse to the neuron cell body. Although our data indicate that a component of the BMP signal is provided by a retrograde mechanism, an additional signal also seems to be required in either the motoneuron cell body or the CNS. Gbb is expressed in the CNS in addition to muscle. Resupplying Gbb in the muscles of gbb mutants does significantly restore P-Mad accumulation in motoneurons; however, rescue either ubiquitously or in both the CNS and muscle is significantly better than muscle rescue alone. Furthermore, complete rescue of the defects of neurotransmitter release in gbb mutants can be achieved by restoration of Gbb in all neurons, but only partially by restoration in muscles or in motoneurons alone. This contrasts with the requirement of Gbb for neuromuscular junction growth, which appears to primarily require muscle expression. they may also be transported along microtubules back seems likely that the majority of these defects result to the cell body. Other models, such as wave activation from the lack of the retrograde signal itself as opposed of receptors, may also be possible, although if this is to some being caused by the lack of a hypothetical local the case, then it is not clear why overexpression of ⌬Gl  signal (B.D.M., H. Aberle, M.B.O., and C.S.G., unpub- should interfere with BMP signaling as described above. lished data). As is the case for Trks, a signaling endosome consisting of activated heteromeric receptor comIs Gbb the Only TGF-␤ Ligand that Regulates plexes containing Gbb, Wit, Tkv, and Sax might be Synaptic Growth and Function? transported back to the cell body where they would Although our loss-of-function and rescue experiments phosphorylate cytoplasmic Mad, resulting in its transloclearly demonstrate that Gbb is required for proper syncation to the nucleus. Alternatively, nonphosphorylated aptic development at the NMJ, it is not certain that it is Mad may first be transported anterogradely to the nerve. the only TGF-␤-type ligand or indeed the primary ligand Subsequent to phosphorylation at the NMJ, it may then that regulates this process. The electrophysiological be selectively transported in a retrograde fashion back and ultrastructure defects observed in gbb mutant synto the cell body.
It is possible that this is a quantitative issue; however, staining with a Gbb antibody suggests that both the muscle and elav drivers provide much higher levels of Gbb protein than is present under endogenous conditions (data not shown). Thus, full rescue may require BMP signaling in both the CNS and at the synapse. The retrograde requirement for Gbb in synapse structural growth is further supported by experiments inhibiting dynein motor function by overexpression of ⌬Gl
apses In Situ Hybridization and Immunolocalization Previously described protocols were used for in situ hybridization Tissue Culture Constructs (Brummel et al., 1999) . The P-Mad antibody for immunolocalization pAcpA was obtained from P. ten Dijke and was used at 1/1000 dilution. pBR322 SalI-EcoRI fragment with 2.5 kb Actin5C promoter, polyThe anti-rabbit secondary was from the Vectastain system (Vector linker, and 1 kb 3Ј end containing a polyadenylation site. Unique labs) and was used at 1/200 dilution. Embryos were developed for restriction sites in the polylinker: BamHI, Asp718, StuI, XhoI, SacI, 20 min with the Tyramide fluorescence system (Perkin Elmer) and NotI, NheI, SacII, EcoRI, BglII.
viewed with a Zeiss Axioplan 2 equipped with a CARV unit for confopAcpA-Gal4 cal microscopy. Third instar synapses were stained with synaptotagAn Asp718-NotI fragment from pGaTB was cloned into pAcpA. min antibody (3H21), as previously described (Lin and Goodman, pAcpA-dpp 1994). A XhoI-SpeI dpp fragment from pMBO1457 was cloned into pAcpA cut with XhoI and NheI.
Electrophysiology and Ultrastructural Analysis pAcpA-gbb Intracellular recordings were performed on muscle 6, segment A3 A HindIII (blunted)-EcoRI gbb fragment from pNB40-60A was cloned in dissected third instar larvae as previously described (Petersen et into a pAcpA cut with StuI and EcoRI. al., 1997). In brief, larvae were prepared for recording in physiological pUAST dominant-negative constructs of tkv1, tkv2, sax, and put saline HL3 (Stewart et al., 1994) containing 0.6 mM Ca 2ϩ . Both EJP were as described (Haerry et al., 1998) . and mEJP amplitudes were measured from the raw data using the UAST-babo A ⌬I peak detection feature of MiniAnalysis program (Synaptosoft, Inc.); UAS-baboA (activated Brummel et al., 1999) was digested with BglII all events were verified by eye. The amplitude and the frequency of and Asp718, and two complementary oligonucleotides containing mEJPs were calculated from continuous recordings in the absence stop sites and a SpeI site were ligated. of stimulation (60-100 s). Quantal content was estimated by dividing UAST-babo B ⌬I the mean EJP (at least 40 events) by the mean mEJP (at least 100 UAS-babo A ⌬I was digested with EcoRI and BglII, and the fragment events). was replaced with that of the babo A isoform. 
UAST Wit⌬I

